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Kainate Receptor Modulation of GABA Release
Involves a Metabotropic Function
hybridization and immunocytochemical studies have re-
vealed that kainate receptor subunits are expressed by
most CNS neurons (Bahn et al., 1994; Bischoff et al.,
Antonio RodrõÂguez-Moreno and Juan Lerma*
Instituto Cajal
Consejo Superior de Investigaciones CientõÂficas
28002 Madrid 1997). Moreover, functional receptorsof thekainate type
have been demonstrated in hippocampal (Lerma et al.,Spain
1993; Wilding and Huettner, 1997; Vignes and Colling-
ridge, 1997; Castillo et al., 1997), dorsal root ganglia
(Huettner, 1990), and trigeminal (Sahara et al., 1997)Summary
neurons, although the significance of their expression
in these cells is just starting to be understood (reviewedThe mechanism through which kainate receptors
by Lerma, 1997).downregulate therelease of GABA in the hippocampus
Recently, we (RodrõÂguez-Moreno et al., 1997) and oth-is not known. We have found that the action of kainate
ers (Clarkeet al., 1997) demonstrated that kainate recep-on the hippocampal inhibitory postsynaptic current
tor activation induces a downregulation of GABA-medi-(IPSC) is mediated by a metabotropic process that is
ated transmission in the hippocampus. Although theresensitive to Pertussis toxin (PTx) and independent of
are several ways in which an ionotropic receptor couldion channel current. The downregulation of GABA
modulate the transmitter release, the mechanism byIPSCs by kainate was also prevented in a dose-depen-
which kainate receptors reduce the probability of GABAdent manner by calphostin C, a specific inhibitor of
release is not clear. Indeed, the depolarizing ionotropicPKC, and the inhibition of phospholipase C (PLC) dras-
action of these receptors was expected to have thetically reduced the action of kainate. The effect of
opposite effect on GABA release (i.e., stimulation). Inkainate was completely occluded by phorbol esters
view of a recent report describing a coupling betweenand by increasing extracellular Ca21 but remained un-
GluR1, an ion channel±forming subunit of AMPA recep-altered after inhibition or activation of protein kinase
tors, and Gi proteins in cortical neurons (Wang et al.,A (PKA). These results demonstrate that the activation
1997), we have explored the possibility that kainate re-of kainate receptorstriggers a second messenger cas-
ceptors might also interact with G proteins, leading tocade, which results in the stimulation of PKC, and
activation of a second messenger cascade to modulatetherefore document a metabotropic action of kainate
GABA release. We have found that regulation of GABAreceptors, which results in the inhibition of GABA re-
release by kainate receptors is independent of ion chan-lease.
nel activity but involves the activation of phospholipase
C (PLC) and protein kinase C (PKC) through a Pertussis
Introduction toxin±sensitive (PTx-sensitive) G protein. These results
provide strong support for the functional coupling of
Besides the subunits that make up NMDA and AMPA kainate receptors to a second messenger signaling cas-
receptors, molecular analyses have provided evidence cadeÐin other words, for the metabotropic action of
of the existence of at least two structurally distinct sub- ionotropic glutamate receptors in the brain.
unit types postulated to form non-NMDA, non-AMPA
receptors in the mammalian brain. One of them is the
Resultssubfamily of kainate receptors, which is composed of
several subunits (reviewed by Hollmann and Heine-
To determine whether the effects of kainate receptorsmann, 1994), such that GluR5, GluR6, and GluR7 alone
on the release of GABA involved the activation of a Gor in combination with KA1 and KA2 form kainate recep-
protein, we first analyzed the ability of this agonist totors. GluR5-containing receptors can be activated by
depress GABA-mediated inhibitory postsynaptic cur-kainate, domoate, and AMPA, whereas GluR6 generates
rents (IPSCs) in hippocampal slices that had been pre-homomeric channels with fast desensitizing kinetics that
viously incubated with PTx (5 mg/ml, 3±4 hr at 378C).are not sensitive to AMPA (Egebjerg et al., 1991). It has
The activation of AMPA receptors by kainate was pre-been recently demonstrated that GluR7 subunits also
vented by including GYKI 53655 (100 mM) in all experi-form functional homomeric receptors that have a low
ments, and NMDA receptor activity was prevented byaffinity for glutamate and that are insensitive to AMPA
the presence of APV (50 mM). In PTx-treated slices, theand domoate (Schiffer et al., 1997). All of these subunits
evoked IPSC (eIPSC) was not altered, having activationform heteromeric receptors when coexpressed with KA1
kinetics and decay rates similar to those observed inor KA2, giving rise to ion channels with somewhat differ-
untreated slices. However, in these slices, kainate wasent properties (Herb et al., 1992). For instance, the inser-
unable to alter the strength of inhibitory transmission,tion of KA subunits into GluR6 or GluR7 receptors makes
as determined by measuring the amplitude of the eIPSCthem sensitive to AMPA. These combinations of sub-
(Figure 1). As previously described (RodrõÂguez-Morenounits all form channels with rapid activation-desensiti-
et al., 1997), 3 mM kainate inhibited the IPSC amplitudezation kinetics when expressed recombinantly. In situ
by 64% 6 2.6% (n 5 20) in untreated slices, whereas it
reduced the eIPSC by only 9.4% 6 5.3% (n 5 6 neurons
from five different preparations) in slices previously*To whom correspondence should be addressed.
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Figure 1. Kainate Receptor Modulation of
GABA Release Involves a PTx-Sensitive G
Protein
(A) Inhibition of IPSCs by 3 mM kainate. IPSCs
were recorded from CA1 neurons voltage
clamped at 260 mV and evoked by stimula-
tion of the stratum oriens. Records are the
average of five consecutive responses.
(B) A typical experiment, showing the time
course of eIPSC amplitude before, during,
and after bath application of kainate in an
untreated (closed circles) and in a PTx-
treated (open circles) slice. Values are the
mean 6 SEM of five consecutive responses.
(C) The effect of 3 mM kainate oneIPSC ampli-
tude in normal slices (Control) and slices
treated with PTx or cholera toxin (ChTx). Bars
are the mean 6 SEM of results obtained from
20, 6 (five slices), and 5 (five slices) neurons,
respectively.
treated with PTx. In contrast, a similar treatment with than the direct modulation of Ca21 channels by the kai-
nate receptor±activated G protein was responsible forcholera toxin (20 mg/ml) had minimal effect on the action
of kainate on eIPSC amplitude (50.6% 6 3.8% of reduc- the action of kainate on GABA transmission.
We further wanted to know which kinase was involvedtion, n 5 5 slices). These results indicate that a PTx-
sensitive G protein needs to be activated for the inhibi- in this action. Inhibition of the cAMP-dependent protein
kinase A (PKA) by the cell-permeable and selective in-tory action of kainate in the eIPSC in the hippocampus.
G proteins can interact directly with structural do- hibitor H-89 (500 nM, z10 times its IC50) resulted in no
change in the activity of kainate (63.1% 6 8.3%, n 5 5mains of voltage-dependent Ca21 channels (De Waard
et al., 1997; Zamponi et al., 1997), such that they can neurons from three slices; Figure 2). In contrast, cal-
phostin C, the highly specific inhibitor of PKC, pre-be inhibited by certain G protein±coupled receptors,
acting through a pathway intrinsic to the membrane vented, in a dose-dependent manner, the action of kai-
nate (Figure 2B), thus demonstrating that the activation(e.g., Dolphin et al., 1986; Boland and Bean, 1993). To
test whether or not a soluble messenger downstream of PKC was involved in the kainate-induced depression
of GABA release. In keeping with this assumption, theof the G protein was involved in the action of kainate,
we determined the effects of kainate on eIPSCs after activation of PKC with phorbol esters (PDBu, 0.5 mM)
totally occluded the inhibitory action of 3 mM kainateincubation with staurosporine, a broad spectrum inhibi-
tor of protein kinases. Staurosporine (500 nM) com- (Figure 3). In contrast, incubation with the cell-perme-
able activator of PKA, Sp-cAMPS (50 mM), did not af-pletely abolished the action of kainate on GABAergic
IPSCs (2.0% 6 13.9% of inhibition, 3 mM kainate; Figure fect the kainate-induced reduction of IPSC amplitude
(Figure 3B), being only reduced by 10% (from 64% to2), indicating that activation of a protein kinase rather
Figure 2. Kainate Modulation of IPSC Am-
plitude Involves the Activation of Protein Ki-
nase C
(A) A representative experiment in which the
action of kainate on the amplitude of eIPSCs
was evaluated in the absence (closed circles)
and in the presence of staurosporine (open
circles). Values are the mean 6 SEM of five
consecutive responses.
(B) The effect of specific, membrane-perme-
able protein kinase inhibitors on the action of
kainate. Inhibition of PKC by staurosporine
and calphostin C prevented the action of kai-
nate (3 mM). The inhibition of PKA by H89 had
no effect. Bars are the mean 6 SEM of 4, 5,
4, and 6 neurons, respectively. The shaded
horizontal bar represents the confidence in-
terval for the decrease in IPSC amplitude in-
duced by kainate (3 mM) in untreated slices
(see Figure 1; **p , 0.01, Student's t test).
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Figure 3. PKC Activation Occluded the Ac-
tion of Kainate on the Evoked IPSC
(A) A representative experiment showing that
bath-applied kainate does not affect the am-
plitude of eIPSCs in the presence of the phor-
bol ester PDBu. Values are the mean 6 SEM
of five consecutive responses.
(B) The inhibition of PLC by U73122 largely
prevented the decrement in IPSC amplitude
induced by kainate. The inactive analog,
U73343, had no effect. PKC (PDBu) but not
PKA (Sp-cAMPS) activation occluded the de-
pressive action of kainate. Bars are the
mean 6 SEM of data obtained from from 7,
4, 5, and 4 slices, respectively. The shaded
horizontal bar represents the confidence in-
terval for the decrease of the eIPSC ampli-
tude induced by kainate (3 mM) in untreated
slices (*p , 0.05, **p , 0.01, Student's t test).
50.4% 6 11.1% in the presence of Sp-cAMPS, n 5 5 perfusing the slice with PDBu (0.5 mM), kainate was
cells from four slices). As for PKC inhibition, the block- totally ineffective in decreasing the eIPSC amplitude
ade of PLC also greatly attenuated the action of kainate (Figure 3A); that is, the phorbol ester completely oc-
on GABA release (Figure 3B). Incubating the slices with cluded the action of kainate. Phorbol esters alter GABA
the PLC inhibitor U-73122 (10 mM) significantly reduced receptors at the postsynaptic level (e.g., Vaello et al.,
the kainate-induced attenuation of eIPSCs (21.2% 6 1994), modifying the amplitude of the evoked response.
8.6% of inhibition, n 5 7 cells from four slices; cf. 64% To avoid this postsynaptic variability, we measured the
in control), an effect that was specific since the inactive frequency of mIPSCs, recorded in the presence of TTX
analog of U-73122, U-73343, didnot prevent thekainate- (0.5 mM) (Figure 4). PDBu increased the frequency of
induced inhibition (52% 6 8.5% inhibition, n 5 4 neurons mIPSCs 3-fold to 311.9% 6 68.4% (n 5 6) and, instead
from four slices; Figure 3B). of a further decrease, kainate induced an additional in-
To address the possibility that undetermined messen- crease in the frequency (66% 6 21.2%). The effect of
gers, released upon neuronal or glial cell depolarization, PDBu was prevented by inclusion of 1 mM calphostin C
could be taking part in the PTx-sensitive inhibitory action (19% 6 19% of increase, n 5 4). This result shows that
of kainate, we studied the effect of kainate (3 mM) in the the indiscriminate stimulation of PKC totally occludes
presence of a cocktail of other receptor antagonists kainate receptor action presynaptically. However, when
containing MPPG and MCPG (1.5 mM each), naloxone PDBu was added after kainate had induced the reduc-
(100 mM), atropine sulphate (50 mM), and hydroxy-saclo- tion of mIPSC frequency (45.1% 6 6.4% reduction, n 5
fen (50 mM), in addition to the routinely used GYKI 53655 12), the effect of kainate was completely reversed since
and APV. Under these conditions, kainate was still able the frequency increased above the initial values (to
to reduce the miniature IPSC (mIPSC) frequency (deter- 166.7% 6 39.6% of the control value, n 5 5). Thus,
mined in the presence of 0.5 mM tetrodotoxin [TTX]) by kainate was unable to occlude the action of phorbol
57% 6 11.4% (n 5 4 neurons from four different slices; esters. These results indicate that kainate receptors
data not shown). Since in another series of experiments have access to a restricted and specific pool of PKC,
the activity of kainate was still observed in the presence whose activation does not compromise the overall pop-
of DPCPX (0.1 mM), an inhibitor of adenosine receptors, ulation.
the participation of mGluR, opiates, muscarinic, GABAB,
and adenosine receptors known to act through a PTx-
Kainate Action Is Independentsensitive G protein was ruled out.
of Ion-Channel ActivityThese results indicate that kainate receptors activate
To determine whether the metabotropic action of kai-a G protein coupled to PLC. The subsequent activation
nate was dependent or independent of kainate receptorof PLC could induce the production of diacylglycerol,
channel activity, we looked at the inhibitory action ofwhich is known to be a potent activator of PKC.
kainate after reducing the extracellular concentration of
Na1. It is known that most of the inward charge is carriedKainate Activates a Particular Pool of PKC
by this ion in kainate receptor channels. N-methyl-D-It has been described that activation of PKC induces
glucamine substituted in equimolar amounts for Na1.an increase in transmitter release at bothexcitatory (e.g.,
The reduction of extracellular Na1 by up to 60% did notMalenka et al., 1986) and inhibitory (e.g., Copogna et al.,
prevent the generation of action potentials, and there-1995) synapses. However, our results show that kainate
fore evoked synaptic activity could be evaluated. Lowerreduces the release probability of GABA by a PKC-medi-
concentrations of Na1 (,60 mM) did not support actionated phenomenon. The simplest explanation consistent
potential generation since transmitter release could notwith these results is that two separate pools of PKC
be evoked by electrical stimulation. With 40% extracel-exist, the activation of each inducing different effects.
lular Na1, however, kainate was equally effective in de-To gain a further insight into the mechanism of kainate-
creasing eIPSC amplitude as in the control situationinduced inhibition of GABA release, we performed oc-
clusion experiments with the phorbol ester PDBu. After (Figure 5C). Thus, we further reduced the extracellular
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Figure 4. PDBu Occluded the Inhibitory Ac-
tion of Kainate but Kainate Did Not Occlude
the Stimulatory Action of PDBu
(A) Sample records showing miniature IPSCs,
recorded in the presence of TTX (0.5 mM) from
the same cell, before (top) and during (center)
the application of kainate, and during the ap-
plication of kainate plus PDBu (bottom).
(B) A representative experiment showing the
effect of PDBu and the subsequent inclusion
of kainate (3 mM) on mIPSC frequency.
(C) In a different neuron, when the effect of
kainate on mIPSC frequency reached a steady
state, PDBu was added in the presence of
kainate. Dotted lines indicate in each case
the mean value of the mIPSC frequency in
these particular cells. Note that kainate in-
creases rather than decreases the frequency
of miniatures in the presence of the phorbol
ester. Similar results were observed in 5 (B)
and 6 (C) neurons.
concentration of Na1 to 25% of normal (i.e., 37.5 mM) not prevent the binding of the agonist to the receptor
but simply channel gating. After the demonstration thatin the presence of TTX (Figure 5A). Lowering the extra-
cellular Na1 slightly decreased the frequency of mIPSC, the GluR1 AMPA receptor triggers activation of a Gi
protein in a form independent of channel activity (Wangbut the inhibitory action of kainate on miniature fre-
quency was unaltered (Figure 5B). This result indicates et al., 1997), it might still be possible that this drug
prevents channel openings upon agonist binding butthat the inhibition of GABA release by kainate is largely
independent of kainate receptor channel activity. does not prevent the subsequent activation of the G
protein. To discard the possibility that kainate was in-
ducing the modulatory action of GABA transmission byAMPA Does Not Activate a Similar Cascade
We have previously shown that the competitive antago- its agonistic effect on AMPA receptors, we determined
whether the binding of the agonist to AMPA receptorsnist of AMPA/kainate receptors, CNQX, prevents in a
dose-dependent manner the inhibitory action of kainate affected the amplitude of the evoked IPSCs. In the pres-
ence of GYKI 53655 and cyclothiazide (50 mM), 50 mMon IPSCs (RodrõÂguez-Moreno et al., 1997). In the present
experiments, we avoided the activation of AMPA recep- AMPA was completely ineffective in reducing the IPSC
amplitude (101.2% 6 4.7% of control value, n 5 4; datators by adding 100 mM GYKI 53655 to the perfusing
solution. However, as GYKI is a noncompetitive antago- not shown), ruling out any involvement of AMPA recep-
tors in this kainate-mediated depression.nist of AMPA receptors (Paternain et al., 1995), it should
Figure 5. The Downregulation of GABA Release by Kainate Is Independent of Ion Channel Activity
Sample records showing the effect on mIPSCs of bath application of kainate in the presence of low extracellular Na1 (25% of total, [A]). The
reduction in extracellular Na1 did not affect the degree of reduction in mIPSC frequency induced by kainate (B) nor in the evoked IPSC (C).
Bars are the mean 6 SEM of values obtained from 12 and 5 neurons, respectively (B), and 20 and 3 neurons, respectively (C).
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Figure 6. Effect of Blocking K1 Channels on
the Inhibitory Action of Kainate
(A) Tetraethylammonium (TEA) increased the
amplitude of the IPSC and prolonged its de-
cay time course. Records are the average of
five consecutive responses, which appear
normalized to the peak amplitude onthe right.
(B) A representative experiment showing that
K1 channel block had no effect on the inhibi-
tory action of kainate.
(C) The average results form several experi-
ments. Bars represent the mean 6 SEM of 5
(control) and 8 (TEA) neurons.
Activation of Type I mGluR Does Not 6). A similar experiment was performed in the presence
of low (0.5 mM) and high (10 mM) Ca21. As when K1Occlude the Kainate Action
Type I metabotropic glutamate receptors are coupled currents were attenuated, the increase in extracellular
Ca21 enhanced the amplitude of the eIPSC, indicatingto a G protein that is able to activate PLC yielding IP3
and diacylglycerol (reviewed by Conn and Pin, 1997). that a larger amount of Ca21 was entering into the termi-
nal. However, the shape of the response was alteredWe wanted to test whether the activation of this pathway
in inhibitory terminals would occlude the action of kai- minimally (Figure 7A). In the presence of 10 mM Ca21,
kainate reduced the amplitude of the eIPSC by onlynate. The effects of a specific type I mGluR agonist,
DHPG (100 mM; Schoepp et al., 1994), on GABA trans- 21% 6 4.3% (n 5 4), while at 0.5 mM Ca21 kainate was
more efficient in depressing GABAergic transmissionmission as well as on the effect of kainate was studied.
When DHPG was introduced in the recording chamber, (70.6% 6 12.3%, n 5 4) than in control conditions (2 mM
Ca21). These experiments indicate that the stimulation ofit induced a sustained inward current, which was ac-
companied by spontaneous neuronal activity (data not PKC by kainate receptor activation may result in the
phosphorylation of elements that are involved in theshown).After 5 min, the spontaneous discharges ceased
and the holding membrane current returned to the initial cascade triggered by Ca21 leading to transmitter re-
lease.value, although the amplitude of the eIPSC remained
slightly higher (by 29.6% 6 13.3%, n 5 4). In this situa-
tion, the addition of kainate (3 mM) produced a decrease Discussion
in eIPSC amplitude of the same magnitude as in control
experiments, a reduction of 67.5% 6 4.7% (n 5 4; cf. The results described in this paper show that the depres-
sion of GABA release induced by the activation of kai-64% in control). These results indicate either that type
I mGluRs are not present in GABAergic terminals of the nate receptors in the CA1 region of the hippocampus
results from the initiation of a second messenger cas-hippocampus activated by these receptors or that the
signaling pathway does not converge with the pathway cade following the activation of a PTx-sensitive G pro-
tein. The pathway involves the activation of PLC andtriggered by kainate receptors.
PKC and therefore constitutes a metabotropic action of
kainate receptors, a well-known ion channel±formingKainate Receptor Activation Modulates
Ca21 Signaling glutamate receptor, which is independent of their ion
channel activity. Recently, AMPA receptor±mediatedHypothetically, to reduce transmitter release, PKC must
interact either with a K1 channel, facilitating its activity, regulation of Gi protein in cortical neurons has been
shown, although no evidence exists as to the physiologi-or with a Ca21 channel, inhibiting it. To check for interac-
tion of kainate receptors with K1 or Ca21 currents, we cal relevance of such an interaction. Taken together,
these results indicate that, in addition to forming ionfirst decreased K1 currents by adding tetraethylammo-
nium (TEA, 2.5 mM) to the slice. As expected, when K1 channels, ionotropic glutamate receptors can exhibit
metabotropic activity. In the case of kainate receptors,channels were blocked, transmitter release was en-
hanced as seen by the increase in amplitude of the IPSC such an activity profoundly affects neuronal function as
it results in the modulation of GABAergic inhibition.as well as from the change in the shape of the response
(Figure 6A). However, K1 channel blockagedid not affect From our results, it is clear that stimulation of kainate
receptors leads to the activation of Go/i protein by athe action of 3 mM kainate (54.1% 6 4.6% of inhibition
with 2.5 mM TEA, n 5 8 neurons from six slices; Figure mechanism that has yet to be determined. Working with
Neuron
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Figure 7. High Extracellular Ca21 Concentra-
tion Attenuated the Kainate-Induced Reduc-
tion of eIPSC
(A) Increasing extracellular Ca21 increased
the IPSC amplitude with minimal effect on its
time course. Records on the right have been
normalized to the peak value and superim-
posed.
(B) A representative experiment showing the
lack of effect of kainate (3 mM) at high but
not at low Ca21.
(C) A comparison of IPSC amplitude de-
creases obtained at normal (2 mM), low (0.5
mM), and high (10 mM) extracellular Ca21.
Bars are the mean 6 SEM of 20, 4, and 4
neurons, respectively (**p , 0.01, Student's
t test).
goldfish kainate receptors, Oswald and associates (Wil- desensitization may result in a conformational change
that simultaneously uncouples the receptor moleculelard and Oswald, 1992; Ziegra et al., 1992) observed a
PTx-sensitive kainate binding and a kainate-dependent from both channel gating and the G protein activation
mechanisms. Indeed, dataexists to suggest that in orderADP ribosylation of a 40 kDa protein. Although these
data are consistent with a direct interaction of kainate to attain high response speed, photoreceptors associ-
ate within an organized assembly of signaling mole-receptors with G proteins, kainate receptor subunits
have a membrane topology that, in principle, is difficult cules, a structure known as the transducisome (Tsunoda
et al., 1997; see also Arshavsky and Pugh, 1998). Recentto reconcile with the structure of receptors of the meta-
botropic family, known to have specific sites that may experiments have demonstrated that kainate receptor
subunits are clustered by proteins of the SAP90/PSD95interact with G proteins (see Pin and Duvoisin, 1995).
Consequently, it is unlikely that G proteins dock directly family (GarcõÂa et al., 1997, Soc. Neurosci., abstract),
making possible the intimate association of kainate re-to kainate receptors. Thus, it appears that an adaptor
protein may be implicated in transmitting a signal from ceptors with signaling proteins. Thus, further experi-
ments will determine whether such a highly organizedthe kainate receptor to the G protein upon glutamate
binding. Interestingly, our data suggest that ion flux complex linked to kainate receptors exists.
through the open channel has a negligible effect on
the metabotropic action. It is likely that ionotropic and Is Phosphorylation of Exocytotic Proteins
the Effector of a Specific Pool of PKC?metabotropic functions are separate and independent
mechanisms in the same receptor complex. Such a pos- There are two important aspects of our results that de-
serve some comment. One is the fact that activationsibility adds diversity to the signal transduction mecha-
nisms in the brain. of PKC by perfusing PDBu totally occludes the action
of kainate, but kainate does not occlude the action ofThe dose-response function followed by kainate re-
ceptor activation in preventing GABA release fits with PDBu. This result directly points toward the existence
of at least two pools of PKC in the inhibitory presynapticthe predicted bell-shaped function for steady-state re-
ceptor activation, calculated after taking into account terminals. One of them would enhance transmitter re-
lease, while the other would reduce it. Whatever thethe activation and desensitization properties of ion re-
ceptor channel activity (RodrõÂguez-Moreno et al., 1997; mechanism, it is well known that activation of PKC by
phorbol esters increases the release probability at inhib-Paternain et al., 1998). This suggests that the process
of receptor desensitization upon agonist binding must itory synapses (Capogna et al., 1995), a result that was
replicated in our experimental conditions. However, kai-be common for bothcurrent flow and secondmessenger
signaling. We do not know whether the kinetics of cur- nate receptor activation led to the stimulation of a pool
of PKC with a subsequent decrease of the probabilityrent decay and uncoupling from the signaling cascade
is similar, since it is a phenomenon that in the case of of GABA release. Thus, the occlusion of the kainate
action by PDBu could be explained by the phorbol esterchannel activity happens in a few milliseconds (Pater-
nain et al., 1998). However, receptor uncoupling from activating the whole population of PKC, both kainate-
sensitive and -insensitive pools, precluding further stim-the G protein or the ªadaptorº protein could be a rela-
tively rapid mechanism, and it is possible that receptor ulation by kainate. On the other hand, the activation by
Kainate Receptor Metabotropic Function
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kainate of an inhibitory population of PKC would not be of PKC that drastically influences the release of GABA
in the hippocampus. This fact adds further diversity toable to preclude the action of phorbol esters. It is possi-
ble that the signaling pathway activated by kainate re- glutamate receptor function and opens new vistas on
the operating mode of glutamate receptors of the iono-ceptors involves a particular PKC isoform (Nishizuka,
1988). Again, such a possibility is in keeping with the tropic type.
clustering of receptors and signaling molecules that
would facilitate the receptor activation of a particular Experimental Procedures
signal transduction pathway. It is interesting to note that
Hippocampal slices were prepared according to standard proce-in the presence of PDBu, kainate increased rather than
dures from 14- to 16-day-old Wistar rats. After decapitation, thereduced the frequency of mIPSCs and that such an
brain was immersed in ice-cold solution containing (in mM): 124
action was additional to the stimulatory action of PDBu. NaCl, 2.69 KCl, 1.25 KH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and
This is exactly the result that one might expect if a slight 10 glucose (300 mOsm). The whole brain containing both hippo-
depolarization of presynaptic terminals is induced by a campi was positioned on the stage of a vibratome slicer and cut
to obtain 300 mm thick transversal brain slices. The slices werereceptor that, like the kainate type, is coupled to a cat-
transferred to an incubation chamber containing the same solutionionic channel (Lena and Changeux, 1997; see also
continuously oxygenated (95% O2/5% CO2 [pH 7.4]) and then main-McGehee and Role, 1996).
tained for at least 1 hr at room temperature before use. For recording,
A second important aspect of the data is that the slices were transferred to a recording chamber mounted on the
inhibition of GABA release by kainate could be pre- headstage of an upright microscope (Axioskop, Zeiss) andheld fixed
vented by increasing the driving force for Ca21. This by a silver grid and perfused at a rate of 3±4 ml/min. Slices were
visualized by IR-DIC microscopy (Stuart et al., 1993) through a 403means that the PKC population susceptible to kainate
water immersion objective. All experiments were carried out at roomreceptor activation interferes with a mechanism in which
temperature (228C±258C). Drugs were applied by gravity, switchingCa21 must be involved. Thus, to achieve a reduction in
between four perfusion lines.
transmitter release, two possibilities come to mind: (1) To evoke IPSCs, electric pulses were applied by a bipolar elec-
the amount of Ca21 entering the cell is reduced as a trode made with a u-glass pipette placed in the stratum oriens within
consequence of interfering with a Ca21 channel, and (2) 50±150 mm from the recording site. Tight-seal (.1 GV) whole-cell
recordings were obtained from the cell body of neurons in CA1the sensitivity to Ca21 of the transmitter release machin-
pyramidal layer. Patch electrodes were fabricated from borosilicateery is attenuated. In both cases, the result would be the
glass and had a resistance of 5±10 MV when filled with (in mM):decrease in the release probability, and in both cases
120 CsCl, 20 QX-314, 8 NaCl, 1 MgCl2, 0.2 CaCl2, 10 HEPES, and 2
the increase in the Ca21 driving force would restore the EGTA (pH 7.3, 287 mOsm). Neurons were voltage clamped using
initial conditions. However, it is well known that the acti- an Axopatch 200A amplifier (Axon Instruments). Access resistance
vation of PKC produces an enhancement of Ca21 chan- (8±30 MV) was regularly monitored during recordings, and cells
were rejected if it changed more than 15% during the experiment.nel current and a subsequent increase in transmitter
Data were filtered at 2 kHz, digitized, and stored on a computerrelease (Swartz, 1993; Swartz et al., 1993). Although
using pCLAMP software (Axon Instruments).PKC has also been implicated in transmitter-induced
Spontaneous mIPSCs were recorded in periods of 180±360 s of
inhibition of Ca21 channels (e.g., DiverseÂ -Pierluissi and duration under each experimental condition in the presence of TTX
Dunlap, 1993), most neurotransmitter-induced inhibition (0.5 mM). mIPSCs were analyzed after their detection using a com-
of Ca21 channels involves G protein±mediated, mem- puter program that calculates the first derivative of the current rec-
ord, computing only those events that exceeded an arbitrary thresh-brane-delimited mechanisms, without the participation
old (typically 1.5 times the noise amplitude, i.e., 8±12 pA). Plots ofof protein kinases (reviewed by Hille, 1992). To minimize
the rise time (10%±90%) versus the decay time constant of mIPSCsan eventual Ca21 deficit, we blocked potassium chan-
for each cell weresystematically constructed and showed no signifi-
nels to prolong the duration of action potentials and cant correlation. Thus, in our recording conditions, electrotonic fil-
therefore the amount of Ca21 entering the terminal. The tering was not an important source of amplitude variation. The fre-
increase in Ca21 entry by blocking K1 channels was not quency of mIPSCs was calculated from either the cumulative interval
distributions or by counting the number of events in 30 s periods.enough to preclude the action of kainate, although such
Statistic analysis and data plotting were done with SigmaPlota maneuver effectively increased transmitter release
(Jandel).(Figure 6). However, increasing the Ca21 driving force
Bicuculline methobromide, kainicacid, TTX,PTx, naloxone, andsalts
should also increase theCa21 concentration at the termi- were purchased from Sigma; AMPA, D-2-amino-5-phosphonovaleric
nal without changing the kinetics of Ca21 entry. Interest- acid (DAPV), S-3,5-dihydroxyphenylglycine (DHPG), hydroxy-saclo-
ingly, such a procedure was very effective in preventing fen, 8-cyclopentyl-1,3-dirpopylxanthine (DPCPX), a-methyl-4-car-
boxyphenylglycine (MCPG), and a-methyl-4-phosphonophenylgly-the inhibitory activity of kainate. Thus, these results indi-
cine (MPPG) were obtained from Tocris Cookson. Phorbol-12,cate that the modulation of GABA release by kainate is
13-dibutyrate (PDBu), adenosine 39,59-cyclic monophosphorothi-consistent with a PKC-mediated change in the sensitiv-
oate, Sp-isomer (Sp-cAMPS), U-73122, U-73343, calphostin C,
ity to Ca21 of proteins involved in exocytosis rather than staurosporine, and H-89 were purchased from Calbiochem. QX-314
a direct action of PKC on Ca21 presynaptic channels was from Alomone Laboratories (Israel); cyclothiazide and GYKI
(e.g., Retting et al., 1997). This conclusion is also in 53655 were kindly provided by Lilly Spain and Elli Lilly andCompany,
respectively.keeping with the increase in IPSC latency we observed
during the kainate action (RodrõÂguez-Moreno et al.,
Acknowledgments1997). Clearly, further experiments are required to sub-
stantiate this hypothesis.
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